European heathland communities on acid, nutrient-poor soils have a high ecological value due 28 to their special environmental conditions. Natural succession (tree colonization and the 29 emergence of grasses) poses a threat to this type of habitat anddifferent types of management 30 strategy must be considered if it is to be maintained. A previous study on a dry heathland area 31 located in the Fontainebleau forest (France) showed a gradual shift from a pure ericaceous 32 standto a mosaic of grasses and Ericaceae, despite the application of measures such as 33 removal of woodland speciesto sustain the habitat. Habitat change was due to local expansion 34 of a grass,Molinia caerulea (L.) Moench.The presentpaperaimedto identify factors 35 responsible for the expansion of M. caerulea and the subsequent decrease in ericaceous heath. 36 We focused our study on spatial variability of soil properties (soil horizons, pH, water 37 content) and reforestation (density of birch individuals and proximity to woodland) as a suite 38 of possible factors promotingthe expansion of M. caerulea. We show that the development of 39 grasses was correlated withthinsoil E horizon and spatial distribution of old shoots of 40 birch,Betula pendula Roth, which are regularly cut and then resprout. These results suggest 41 that new methods to avoid tree colonization must be introduced if typical heathland is to be 42 maintained.
Introduction

46
European heathlands are generally restricted to acid, nutrient-poor soils. Tree colonizationand 47 the emergence of grasses pose the greatest threats to this habitat. Dwarf shrubs belonging to 48 the Ericaceaeare found on oligotrophic soils, where they are better competitors. The dynamics 49 of plant communities are directly associated with the availability of soil mineral resources, 50 which is a structuring factor for vegetation (Miles, 1981) . Soil nutrient availability influences 51 the competitive balance and allows grass species to establish on nutrient-rich soils. 52 Heathlands are sub-climax communities (Gimingham, 1972) and, in order to maintain 53 them,management is required to control natural successional processes. Several methods are 54 used in Europe to maintain this habitat in a favourable state forconservation, particularly since 55 ericaceous heathlands have been designated as a natural habitat type of EC community 56 interest in Annex I of the EC Habitats Directive (1992) . 57 Ericaceous heathlands have a restricted distribution in the biogeographic zone of Atlantic 58 north-western Europe (Webb, 1998) . The presence of acid sandy soils in the Biosphere
59
Reserve of the Fontainebleau forest (Ile-de-France, northern France) (28 000 ha) and the use 60 of traditional agro-pastoral activities have favoured the establishment of heathlands for 61 thousands of years. 62 The abandonment of traditional practices during the second half of the 20 th century caused a 63 decrease inheathland, and a concomitant increase inforest vegetation. At present, 1400 ha of 64 heathland remain in fragmented patches embedded in an oak-pine forest that is integrated 65 within a Managed Biological Reserve (RBD). Since heathland contributes significantly to the 66 high level of biodiversity of the massif of Fontainebleau, current management aims to 67 conserve this habitat. In a previous study we conducted an exhaustive observational study of heathland, employing a spatial approach (Mobaied et al., 2011) . We showed that, 
74
Several studies have shown that increased nutrient availability promotes the establishment of 75 M. caerulea (Aerts,1989; Heil and Bruggink, 1987) . Increased nutrient availability may be 76 attributed to management methods such as grazing or controlled burning (Grant and Maxwell, 77 1988). In our study site, the only management method used is mechanical treatment. It 78 consists solelyof cutting the trees every two or three years, without any grazing or controlled 79 burning.
80
Increased nutrient availability can also be attributed to atmospheric nitrogen deposition (Aerts 81 and Berendse, 1988; Aerts and Bobbink, 1999; Hogg et al., 1995) . Since the Fontainebleau 82 forest is a peri-urban forest, increased atmospheric nitrogen deposition (Ulrich et al., 2007) is 83 almost certainly due to the presence of intensive agricultural land in close proximity and 84 pollution by road traffic. However, the expansion of grasses was spatially limited to a specific 85 area and was not evenly distributed throughout the study site (Mobaied et al., 2011) . This 86 suggests the existence of another contributing factor.
87
In the study site, the influence of reforestation on soil fertility and nutrient availability was 88 considered to be particularly favourable to the expansion of M. caerulea.Soil acidity and 89 nutrient availability are influenced by dominant plants, especially at early stages of succession 90 (Van Breemen, 1998 ). Piessens et al. (2006 showthat reforestation can cause an increase in 91 the concentration of nutrients in the soil.
92
This study aimed toidentify the relationship between heathland dynamicsand soil spatial 93 variability and, more specifically,to identify the factors potentially responsible for the growth 94 of M. caerulea and the subsequent decrease of C. vulgaris. These findings, in turn, will 95 5 contribute to the design of reliable management methods for this area. In order to achieve this 96 aim, we studied the within-heathland spatial variability of reforestation and the thickness of 97 soil horizons and their relationship to grass expansion, by focusing on spatial patterns and 98 associated statistical methods. Reserve of "La Mare aux Joncs" (Parcel 53). It extends over approximately4 ha on the edge of 106 a managed heathland (21 ha) and a zone colonized by woodland species. It represents a 107 transition zone between these two vegetation patterns (Fig. 1 ).
108
This area was exploited by man (agriculture, pasture) until the second half of the 20th century, 109 but these practices have since been abandoned. Following this period the heathland was 110 partially colonized by woody species. In 1990, trees were cleared off and management 111 restored the remaining heathland. Since that time, management has consisted ofcutting 112 seedlings and shoots of Betula pendulaRoth and seedlings of Pinus sylvestris L. every three or 113 four years.
114
The geological substrate is a flat sandstone table with sandstone terminals (Roque, 2003) 115 resting on Oligocene (Rupelian) sand (BRGM, 1970) . The average annual rainfall was 801 116 mm for the period 19992008. The vegetation is a mosaic of dry heathland [Habitat 4030, EC 117 Habitats Directive (1992)], dominated by C. vulgaris at different growth stages, with patches 118 of Erica cinerea L. There are also patches of North Atlantic wet heath with Erica tetralix L. All B. pendulashoots present in the site were precisely mapped during fieldwork. Data were 145 integrated into a geographical information system (GIS) as a point-vector map, and 146 subsequently a raster map was generated to represent the density of birch shoots, using the 147 Spatial Analyst module of Arc GIS 9.2 ESRI® software (ESRI, 2006a, b; Ormsby et al., 148 2004). A given point was identified as a point of high birch density when there were more 149 than six shoots within a circle around it of radius 5 m. Following these rules, we identified 150 areas of high birch density within the site. During fieldwork we also mapped the woodland 151 zone dominated by Scots pine that borderedthe study site ( Fig. 1 ) and a polygon-vector map 152 was further generated from these data. Following studies by Piessens et al. (2006) , which 153 showed that edge effects were limited in extent to a zone of 8 m into the heathland, we 154 incorporated this edge into reforestation zones. The soil profile was characterizedby coring the soil with a cylindrical soil sampler. The soil 160 sampler did not allow exploration of the entire B horizon, due to the presence of a hardpan 161 level below the sandy topsoil. Accordingly, we only considered the topsoil horizons O, A and 162 E in further detail.
163
The description of soil profiles followed Baize and Jabiol(1995) and Jabiol et al. (1995) .
164
Measurements of soil horizons were undertakenon 220 points distributed along22 transects 165 (length of transect 200 m; intervals between transects 10 m; 10 points per transect; intervals 166 between points 20 m). Data were then integrated into GIS in a point-vector map. We 167 distinguished three topsoil horizons that differed in structure, physical composition and Sixty sampling points were selected using a sampling plan that covered the following types of 
Influence of soil spatial variability on vegetation dynamics 237
Results of the Chi-square test to assess the independence of rows and columns of the 238 contingency table showed that the different types of vegetation dynamics were not 239 independent of soil type (P < 0.0001).
240
Vegetation dynamics classes and soil series were projected in the plane formed by the first 241 two factorial axes of CA, which explained 83% of the total variance of the data. The
242
F1F2biplot suggested a correlation between heathland dynamics and soiltypes (Fig. 4) . O horizon (less than 6 cm, Kloc = 0.619), a moderate degree of agreement with areas that 255 hada thick A horizon (more than 8 cm, Kloc = 0.482) and an almost perfect degree of 256 agreement with areas that hada thin E horizon (less than 8 cm, Kloc = 1) ( Fig. 5a , Table 1 ). 257 258 In the heathland we observed two large areas with a high density of birch shoots. We observed 259 that these birch individuals aggregated together, thus forming an island. Within the previous 266 Recorded pH values varied from 3.3 to 3.8. The lowest pH value was recorded in the 267 coniferouswoodland (WLC) rather than in pure stands of C. vulgaris. In the heathland the pH 268 value varied from 3.3 to 3.8 and was not significantly different from that in other vegetation 269 types. However, the pH ofWLC was significantly lower than for other vegetation types 270 (Fig.6) . Within the open zone (Heath and Cal+M.c) soil pH was significantly greater (P 271 <0.05) in high density than inlow density birch areas (Fig. 7) .
Influence of the spatial variability of reforestation on the dynamics of M. caerulea
Relationship of soil pH and soil water content with vegetation cover
272
The soil water content varied between 15% and 60%, without any significant differences 273 among the five vegetation types (Fig. 8) . gaps in the centre of mature or degenerate C. vulgarisstands (Gong andGimingham, 1984) .
284
This prevents the repetition of the life cycle of heather (Gimingham, 1988) , suggesting that 285 after degeneration of heather in CalH areas, cyclical growth processes cannot be restarted and 286 available spaces are instead colonized by other species (Fig. 9) .
287
Within open low and discontinuous stands of C. vulgaris, colonization by birch exerted 288 significant effects on the expansion of M. caerulea. In fact, the area where M. caerulea 289 appeared is an area of high density of old birch shoots. In this zone birch, that was cut every 290 13 four years following prescribed management practices, later resproutedthereby creating a 291 special microhabitat likely to counteract soil acidification (Gardiner, 1968) . This influence is 292 well explained by the relationship between the expansion of M. caerulea areas and soil types.
293
The transition from heathland to another vegetation type correlated well with soil type;to be 294 more precise, it correlated with the depth of the different topsoil horizons. Scots pine 295 colonization occurred on shallow soils, and this can be attributed to the ability of pines to . Several studies showed that the conversion of heathland to 314 grasslandwas primarily caused by a sharp increase in soil nutrient availability (Aerts, 315 1989; Aerts and Berendse, 1988; Aerts et al., 1990; Heil and Bruggink, 1987) . Nitrogen input 316 was identified as the most significant environmental factor for the acceleration of the Calluna 317 growth cycle (Lageard et al., 2005) , leaving more opportunities for the expansion of Molinia 318 in areas where there was a higher nitrogen input. The effects of birch on nutrient availability 319 are mediated by itsnutrient-rich broadleaf litter (Sanborn, 2001) and thechanges in soil 320 microbial communities, asshownfor Betula pubescens Ehrh. by Mitchell et al. (2010) .
321
Ourstudy showed that heather is preserved in the absence of other invasive species. The 322 successional shift towards grassland was successful only in areas where other factors 323 intervened and potentially led to a change in soilfeatures, e.g. reforestation by birch.
324
Thissuggests that the method of heathland restoration that was applied for 20 years on the 325 study site (by cutting birch every threeor four years) indirectly favouredM. caerulea. 326 The proximity to the woodland zone dominated by conifers had no impact on the dynamics of 327 grasses. Reforestation in this area was approximately 11%, a low value that may explain the 328 absence of shadow effect noted at the edge of a coniferous forest by Piessens et al. (2006) . In 329 this woody area, P. sylvestris expanded to the detriment of B. pendula (Mobaied et al., 2011). 330 This suggests that the management procedure applied within the heathland (cutting birch and heathland. According to our results, management priority should be given to those heathland 355 areas that are located on shallow soils where the thickness of the A horizon is less than 8 cm.
356
This study provides several threshold values which are of practical value for heathland 357 conservation in similar regions. Specifically, we provide indications of the soil condition, with 358 respect to the factors that influence the expansion of grasses to the detriment of Ericaceae, e.g. 359 more than sixBetula shoots in a circle of 5 m radius, pH values higher than 3.5, and thickness 360 of the E horizon lower than 8 cm. These values can be measured easily in the field and could 361 possibly prevent the colonization of the area by grasses, and in so doing would avoid the need 362 for more drastic interventions once grasses areestablished. 363 6. Acknowledgements 364 We thank Michel Isambert, (French Association of Soil Science,AFES) for his valuable help 365 during the soil study. We thank anonymous reviewers for their thorough review of a previous 366 draft, which significantly contributed to improving the quality of the publication. 
